Abstract. Postoperative recurrence of hepatocellular carcinoma (HCC) is presented as local recurrence (LR) or extrahepatic metastasis (EHM). Recent studies indicated that EHM requires additional cellular alterations. This study aimed to examine the clinical and molecular prognostic predictors of these two events. HCC patients (289) [training cohort (n=160) and verification cohort (n=129)] receiving surgical resection of hepatomas were included. The expression levels of six signaling molecules were quantitatively assessed for prognostic analysis. Clustering analysis revealed similar expression profiles between cancer (T) and non-cancer (N) liver tissues in the same individuals. Univariate analysis showed that phosphorylated mammalian target of rapamycin (mTOR)-T was associated with LR-free survival (P=0.002), whereas extracellular signal-related kinase (ERK2)-T (P=0.005), AKT-T (P=0.001) and glycogen synthase kinase (GSK)-T/N ratio (P=0.008) were associated with EHM-free survival. When clinical predictors were added for multivariate analysis, only prolonged prothrombin time (P= 0.003) and tumor number (P=0.031) was independently associated with LR-free survival, whereas age (P=0.019), creatinine levels (P=0.001) and AKT-T (P=0.004) were associated with EHM-free survival. These factors were further examined in the verification cohort. In conclusion, postoperative LR and EHM in HCC were associated with separable sets of clinical and molecular predictors.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common solid cancer and the third most common cancer-related death in the world (1) . HCC is of multifactorial origin. The three most frequent causes are chronic hepatitis B virus (HBV) infection, chronic hepatitis C virus (HCV) infection and alcoholic liver disease (2, 3) . Other important risk factors include old age, male gender, chronic liver diseases of other etiologies, aflatoxin exposure, diabetes and liver cirrhosis (4) (5) (6) . Because of the complex etiologies, the major molecular pathways responsible for liver cancer development remain elusive. Recent molecular and genomic studies have led to the concept that hepatocarcinogenesis involves not only multiple steps of molecular events but also heterogeneous cellular pathways (7) .
One important approach for the researchers to understand the molecular processes linking to liver cancer cell growth is to identify prognostic molecular markers in patients receiving total resection of HCC. After standard procedure of surgical resection, no grossly detectable tumor should remain. These patients form a relatively homogeneous group in clinical aspects and the periods of time to subsequent cancer recurrence should reflect the growth behavior of the HCC cells. Thus, the molecule with its expression level capable of predicting postoperative survival is considered tightly associated with hepatocarginogenesis and is believed to be a candidate of anticancer targets. Based on this principle, many molecules have been identified, such as proline-directed protein kinase F(A), MKP-1 (a mitogen-activated protein kinase), vascular endothelial growth factor, proliferating cell nuclear antigen, p53, TA (tissue factor), cytokeratin-19, telomerase activity and interleukin- 10 (8-16) .
In almost all of these studies, HCC recurrence was defined as development of either local recurrence (LR) or extrahepatic metastasis (EHM). Thus, no clear distinction was made between these two clinical conditions when calculating the recurrence-free survival. However, in our clinical experience, LR and EHM could occur in independent time sequence. In many patients, LR could progress to a very advanced stage characterized by a huge tumor involving both lobes of liver, portal vein thrombosis, invasion to large vessels, and decompensated liver function, yet EHM was still undetectable. On the other hand, in some patients, EHM developed during postoperative follow-up in the absence of LR. Recent studies indicated that development of EHM involved particular molecular events linked to epithelial to mesenchymal transition (17, 18) . Therefore, in this study, we aimed to investigate whether LR and EHM involved different and separable molecular and clinical predictors.
Segregation of signaling proteins as prognostic predictors for local recurrence and distant metastasis in hepatocellular carcinoma

Patients and methods
Patients. This study was conducted under the approval of the institutional review board, Chang Gung Medical Council, Taiwan. In total, 289 pairs of cancer (denoted as '-T') and non-cancer (denoted as '-N') liver tissues were retrieved from Tissue Bank, Chang Gung Medical Cancer for our study. Of these tissues, 160 pairs were obtained from January, Diagnosis of HCC was made by one of the following criteria: echo-guided liver biopsy, fine needle aspiration cytology, high AFP level (>200 ng/ml) plus at least one dynamic imaging study (dynamic computed tomography or magnetic resonance imaging), or one dynamic imaging study plus angiography (if AFP <200 ng/ml). Tumors were completely removed during surgical procedure, with a safety-margin of >1 cm. The patients were followed postoperatively by ultrasonography, chest X-ray, AFP, and blood biochemistry every 1-3 months in the first year and every 3-6 months thereafter. Suspicious tumors were further studied by computed tomography or magnetic resonance imaging. LR was established by use of the aforementioned criteria for HCC diagnosis. EHM was confirmed by tumor biopsy, aspiration cytology, computed tomography or magnetic resonance imaging. The choice of study was dependent upon the tumor locations and the condition of patients.
HBV surface antigen (HBsAg) was measured by radioimmunoassay (Ausria-II, HBsAg-RIA; Abbott Laboratories, North Chicago, IL, USA). Anti-HCV antibody was measured by a third-generation enzyme immunoassay (HCV EIA III; Abbott Laboratories).
Western blot analysis.
To assess the expression levels of a growth regulatory signaling molecule in liver tissues, western blot analysis was performed. The following antibodies were used: rabbit anti-phosphatase and tension homolog (PTEN) antibody (Cell Signaling Technology, Inc., Beverly, MA, USA); rabbit anti-phospho-PTEN (ser380) antibody (Cell Signaling Technology); rabbit anti-AKT antibody (Abcam Inc., Cambridge, UK); rabbit anti-phospho-AKT (Ser473) antibody (Cell Signaling Technology); rabbit anti-glycogen synthase kinase GSK)-3β antibody (Imgenex Corp., San Diego, CA, USA); rabbit anti-phospho-GSK-3β (Ser9) antibody (Cell Signaling Technology); rabbit anti-extracellular signal-related kinase (ERK) 1/2 antibody (Cell Signaling Technology); rabbit anti-phospho-ERK 1/2 (Thr202/Tyr204) antibody (Cell Signaling Technology); rabbit anti-mammalian target of rapamycin (mTOR) antibody (Abcam); rabbit anti-phospho-mTOR (ser2448) antibody (Cell Signaling Technology). Following western blotting, the expression levels were assessed by a densitometer. The abundance of a protein expressed in HepG2 cells was assigned as 1 HepG2 unit (HU). The expression level of a protein in liver tissue was calculated as its relative abundance compared to the corresponding level in HepG2 cells.
Cell culture. HepG2 cells were maintained in minimal essential medium containing 10% fetal bovine serum. The cells were grown to 90% confluence and harvested for western blot analysis. The expression levels of signaling proteins detected in HepG2 cells were used as a reference for comparison.
Protein clustering and heatmap presentation. The protein levels assessed by western blotting and normalized against their corresponding levels in HepG2 cells were subjected for log10 transformation. A comparison of the means of the log10-transformed values across groups was done by two sample t-test with unequal variance. All P-values were two tailed. Protein values were clustered by a bottom-up hierarchical clustering method performed by the Cluster 3.0 software (19) . Similarities of protein profiles across the clinical samples were gauged by their Euclidean distances of the normalized protein levels. Heatmaps were used to visualize the result of clustering, where protein biomarkers are sorted by their similarity in normalized levels. A spectrum of red to green was used to visualize the relative ups and downs to the average levels of the good-prognosis group of patients. The heatmaps were generated by the Treeview software (20) .
Statistical analysis. LR-free survival was calculated from the date of surgery to the date of LR or last follow-up. EHM-free survival was calculated from the date of surgery to the date of EHM or last follow-up. Overall survival was calculated from the date of surgery to the date of death or last follow-up. Univariate analysis was performed by the Kaplan-Meier method and the log-rank test was used to compare the survival curves between groups. To obtain a suitable cutoff value for clinical application, the principle of minimal P-value approach was adopted (21) . Accordingly, experimental univariate analysis was performed to assess the difference of LR-free survival using a series of 5 cutoff values for each protein expression level. The cutoff resulting in the smallest P-value was used for further calculation. The 5 experimental cutoffs were calculated using the following equation: The smallest value + n/6 x (The largest value -The smallest value); n = 1-5.
The Cox proportional hazard model was used to identify independent clinicopathological and signaling molecular factors associated with postoperative survival. Statistical analysis was conducted by the use of SPSS (version 13.0).
Results
Basic clinicopathological data for the two cohorts of HCC patients. In this study 289 pairs of HCC tissues were included. Of them, 160 pairs were assigned as the training cohort to identify significant predictors, while 129 pairs were designated as the verification cohort to examine the usefulness of the candidate predictors. These two cohorts of patients were collected from different periods of time (see Materials and methods) so that the verified predictors could be more reliable when used in the future. The basic clinicopathological data of the training cohort of patients are listed in Table I . In these HCC patients, more males were included. More HBV infected patients (P=0.026) and more alcoholic patients (P=0.005) were found in males, while more HCV infected patients (P=0.003) were found in females. The basic clinicopathological data of the verification cohort of patients are given in Table II . Interestingly, the male preference for HBV infection and female preference for HCV infection disappeared in the verification cohort, while more male alcoholic patients (P<0.001) were still observed. Additionally, a borderline (P= 0.043) significantly higher AFP level was found in the female HCC patients in the verification cohort. The differential etiology distribution between the two cohorts suggested a likely change of HCC epidemiology over time, since the two cohorts were collected in different periods of time.
Clustering analysis revealed similar expression profiles between the cancer and non-cancer tissues from the same HCC patients. All cancer and non-cancer tissues were submitted for western blot analysis to assess the expression levels of the total and phosphorylated forms of six signaling proteins (Fig. 1) . The loading amounts were monitored by use of actin levels. All expression levels were calculated as the HepG2 unit (HU) by assigning the expression level in HepG2 cells as 1 HU. The ERK1 (p44) and ERK2 (p42) levels were calculated separately because they were well-distinguishable. On the other hand, the GSK-3α and β could not be well separated using the anti-GSK-3β and the anti-phospho-GSK-3β antibodies. Two to three bands migrating between the two expected positions in different HCC tissues were observed. In this study, we thus calculated the total GSK-3 (α plus β) levels. The phosporylated ratios (PR) of the signaling proteins were calculated by dividing the relative abundance of phosphorylated forms by the relative abundance of the total forms. The cancer/non-cancer (denoted as 'T/N') ratios of all forms for all proteins were also calculated.
In terms of HCC recurrence, three groups of patients with representative clinical courses could be identified. Of the 160 patients, 18 patients who had no tumor recurrence throughout the follow-up periods (≥3 years) were considered the good prognosis group, 21 patients who had LR within 1 year (but not EHM) were assigned as the LR group, and 14 patients who had EHM within 1 year were assigned as the metastasis Table I . Basic clinical characterization of HCC patients included. group. A heatmap was constructed for assessment ( Fig. 2 , upper panel). Clustering analysis showed that the expression profiles between the cancer (-T) and non-cancer (-N) tissues were similar (clustered together) in most of the markers, while the expression profiles between different signaling proteins were distantly related (Fig. 2, upper panel) . To understand whether difference of protein expression existed between the three types of HCC patients, the mean expression levels after log10 transformation were compared (Fig. 2, bottom) . Statistical analysis showed that the means of the log10-transformed PR-mTOR-T values were significantly different between the good prognosis and LR group but not between the good prognosis and metastasis group (Fig. 2, bottom) . On the other hand, the means of the log10-transformed AKT-T and PR-AKT-T values were significantly different between the good prognosis and metastasis group but not between the good prognosis and LR group. Furthermore, significant differences were observed for the means of the log10-transformed AKT-T,
AKT-T/N, PR-AKT-T, PR-AKT-T/N, and PTEN-T values between the LR and metastasis groups.
Univariate analysis of the signaling proteins as predictors of LR and EHM. By use of the principle of minimal P-value method (see Materials and methods), the best cutoffs for all expression levels were used in calculating the LR-free survival association (Table III) . After corrected by the Bonferroni method, borderline significance of the LR-free survival difference was found in ERK1-T, ERK2-T, ERK(1+2)-T, GSK-T/N, PR-ERK1-N, PR-PTEN-T/N and PR-ERK2-T/N levels. Only higher PR-mTOR-T level (≥0.50) was considered significantly associated with a better LR-free survival.
On the other hand, borderline significance of the EHM-free survival difference was found in GSK-T, PTEN-T, PTEN-T/N, ERK1-T/N, ERK(1+2)-T/N, and PR-AKT-N levels (Table IV) , Figure 2 . Heatmap and clustering analysis of three representative groups of HCC patients. Representative patients with (1) good prognosis (n=18), (2) postoperative local recurrence (n=21) and (3) postoperative metastasis (n=14) were included. The calculated expression levels of all signaling proteins in this study were log10-transformed before subjected for heatmap construction. The clustering tree constructed by assessing the Euclidean distances of the expression levels were depicted to the left of the upper panel. The means of the log10-transformed value were compared across the three groups. Molecular factors with statistical differences (P<0.05) in their expression levels are listed at the bottom. A heatmap of these factors were also constructed (lower panel). The relative phosphorylated ratio (PR) was obtained through dividing the abundance of phosphorylated from by the abundance of the total form. d The ratio was obtained through dividing the relative phosphorylated ratio of protein in the cancer tissue by the relative phosphorylated ratio of protein in the non-cancer tissue. e Because 5 cutoffs were experimentally tested for the smallest P-value, P<0.05 but >0.01 were considered borderline significant after Bonferroni correction of α error. f P<0.01 was considered statistical significant after Bonferroni correction. The expression level of a signaling protein in HepG2 cells was assigned as 1 HU (HepG2 unit). The expression level of the protein in liver tissue was calculated as its relative abundance compared to that in HepG2 cells. b The ratio was obtained through dividing the relative abundance of protein in the cancer tissue by the relative abundance of protein in the non-cancer tissue. The relative phosphorylated ratio (PR) was obtained through dividing the abundance of phosphorylated from by the abundance of the total form. d The ratio was obtained through dividing the relative phosphorylated ratio of protein in the cancer tissue by the relative phosphorylated ratio of protein in the non-cancer tissue. e Because 5 cutoffs were experimentally tested for the smallest P-value, P<0.05 but >0.01 were considered borderline significant after Bonferroni correction of α error. f P<0.01 was considered statistical significant after Bonferroni correction.
whereas a higher ERK2-T level (≥0.6 HU), a lower AKT-T (<1.0 HU) level, and a higher GSK-T/N (≥0.65) level significantly predicted a favorable EHM-free survival (P= 0.005, 0.001 and 0.008, respectively). No significant difference could be found when assessing the overall survival using these expression levels of signaling proteins (data not shown).
Multivariate analysis combining both clinical and molecular predictors. To understand whether the identified molecular predictors were helpful in survival prediction using clinicopathological factors, we combined the four identified molecular predictors (PR-mTOR-T, ERK2-T, AKT-T and GSK-T/N) and all clinicopathological factors for multivariate analysis (Table V) . Cox proportional hazard model was used in this analysis. Univariate analysis revealed that microvascular invasion, tumor number, AFP, bilirubin, prothrombin time, AST, PR-mTOR-T, and ERK2-T significantly associated with the LR-free survival. After adjusted for other confounding factors, only tumor number (P= 0.031) and prothrombin time (P= 0.003) remained as independent predictors for LR-free survival. Kaplan-Meier analysis was performed for these two factors for verification (Fig. 3A) .
On the other hand, univariate analysis revealed that age, prothrombin time, creatinine, AKT-T, ERK2-T and GSK-T/N significantly associated with EHM-free survival. After adjusted for other confounding predictors, only AKT-T (P=0.004), creatinine (P=0.001), and age (P=0.019) remained to be independent predictors for EHM-free survival. KaplanMeier analysis was performed for these three factors for verification (Fig. 3B ). These three factors were then combined to estimate EHM-free survival using a risk score method (Fig. 3C) . In this method, the presence of each unfavorable factor was given 1 risk-point. It was found that patients with risk score ≤1 had significantly longer EHM-free survival (P<0.001).
Finally, to understand whether the differential sets of predictors for LR and EHM remained effective over time, we use the verification cohort which was collected in a later period of time for confirmation. It was found that prolonged prothrombin time (P= 0.016) remained to be significantly associated with LR-free but not the EHM-free survival, whereas higher creatinine level (P=0.007) and higher AKT-T level (P= 0.025) remained to be significantly associated with EHM-free but not LR-free survival.
Discussion
This study aimed to investigate whether postoperative LR and EHM in HCCs were governed by different sets of clinicopathological and molecular predictors. During the study, several interesting observations were made. Clustering analysis showed that in fact, the expression profiles of many protein factors in the cancer and non-cancer parts were generally concordant. This is consistent with the view that the para-neoplastic liver tissues (non-cancer parts) were already harboring adequate precancer changes, waiting for only a few final steps of molecular alterations to develop cancer (22) . Another interesting finding was that most of the effective predictors in this study were uncovered by comparing the levels of the cancer parts (-T) between patients. A number of predictors were generated by calculating the T/N ratios and very few were found by comparing just the levels in the noncancer parts (-N). Since the cancer parts under analysis were the parts already being surgically removed, this observation suggested that HCC recurrence most likely developed through the same or similar oncogenic pathways used by the original (surgically removed) cancers. Therefore, the signaling protein levels in the removed cancer parts could serve as predictors for the next tumor development. On the other hand, the fact that the protein levels in the non-cancer parts could rarely serve as effective predictors implied that the accumulated molecular changes in the para-neoplastic/non-cancer tissues were not representative enough to illustrate the oncogenic pathways.
The most striking finding in the present study was that the LR and EHM were associated with different sets of predictors, clinicopathological or molecular. After adjusted for confounding factors, it was found that prothombin time prolongation and tumor number were the only two significant predictors for LR. Prothombin time prolongation remained effective as a predictor when tested in another cohort of patients collected from a different time-period. This result suggested that the functional reserve and thus the severity of long-standing liver damage was likely the major determinant for LR. On the other hand, EHM seemed to require activation of particular cellular pathways in the cancer tissues, in our study, the AKT mediated pathways. This was clearly demonstrated in the first part of the study when the mean expression levels were compared between the three presented prognostic groups (Fig. 2) and was also shown in the subsequent univariate and multivariate analysis. The most relevant interpretation of this result could be made according to the recently discovered association between the AKT mediated pathways and the epithelial to mesenchymal transition in various cancers including HCC (23) (24) (25) (26) (27) (28) (29) . Thus, our present data supported the view that the epithelial to mesenchymal transition was needed for effective EHM of HCC cells. Another novel and striking finding was that a lower creatinine level was also needed for EHM, which was confirmed in the verification cohort. Additionally, in the training cohort, a younger age was a favorable factor for EHM. We speculated that a healthy host environment was needed for HCC metastasis, whereas the accumulation of body wastes, normally excreted by kidneys, could inhibit the metastasis process. This hypothesis could be verified using animal models in the future.
Of the significant signaling molecule predictors, increased PR-mTOR-T and ERK2-T levels were associated with a better postoperative prognosis, suggesting that ERK2 and phosphorylated mTOR played an inhibitory role for HCC tumor growth. This is against the general belief that mTOR and ERK2 play a growth promoting role in cancer cells. However, recent studies indicated that the TRAIL-mediated apoptosis in hepatoma and lung cancer cells was mediated by ERK2 activation (30, 31) . On the other hand, although phosphorylated mTOR has been found to associate with poor prognosis in other cancers, its prognostic role in HCC has not been defined (32) (33) (34) (35) (36) . Interestingly, in two of these reports (34, 36) , only nuclear (but not cytoplasmic) phosphorylated mTOR was associated with poor prognosis of cancers. In the present study, we assayed the total expression levels of phosphorylated mTOR but did not differentiate the nuclear from cytoplasmic form. Because the relative volume of cytoplasm was much larger than that of nucleus, it could be speculated that the total amount of phosphorylated mTOR reversely correlated with the percentage of nuclear phosphorylated mTOR in HCC. If this hypothesis could be confirmed, the nuclear phosphorylated mTOR could also be associated with poor prognosis in HCC. Further study using immunohistochemistry analysis is needed to clarify this point.
In conclusion, this study revealed that postoperative LR and EHM of HCC were governed by two different sets of clinicopathological and molecular predictors, indicating the involvement of differential molecular pathways. LR preferentially arose from a liver of poorer functional reserve. On the other hand, EHM required participation of AKT-mediated signaling pathways, presumably associated with the endothelial to mesenchymal transition. In addition, a host environment with lower creatinine level, implying lower concentrations of kidney-excreting wastes, was also favorable for EHM.
